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ABSTRACT This study describes the epidemiology of listeriosis in New Zealand
between 1999 and 2018 as well as the retrospective whole-genome sequencing (WGS)
of 453 Listeria monocytogenes isolates corresponding to 95% of the human cases within
this period. The average notified rate of listeriosis was 0.5 cases per 100,000 population,
and non-pregnancy-associated cases were more prevalent than pregnancy-associated
cases (averages of 19 and 5 cases per annum, respectively). WGS data was assessed
using multilocus sequencing typing (MLST), including core-genome and whole-genome
MLST (cgMLST and wgMLST, respectively) and single-nucleotide polymorphism (SNP)
analysis. Thirty-nine sequence types (STs) were identified, with the most common being
ST1 (21.9%), ST4 (13.2%), ST2 (11.3%), ST120 (6.1%), and ST155 (6.4%). A total of 291 dif-
ferent cgMLST types were identified, with the majority (n = 243) of types observed as a
single isolate, consistent with the observation that listeriosis is predominately sporadic.
Among the 49 cgMLST types containing two or more isolates, 18 cgMLST types were
found with 2 to 4 isolates each (50 isolates in total, including three outbreak-associated
isolates) that shared low genetic diversity (0 to 2 whole-genome alleles), some of which
were dispersed in time or geographical regions. SNP analysis also produced results com-
parable to those from wgMLST. The low genetic diversity within these clusters suggests
a potential common source, but incomplete epidemiological data impaired retrospective
epidemiological investigations. Prospective use of WGS analysis together with thorough
exposure information from cases could potentially identify future outbreaks more rap-
idly, including those that may have been undetected for some time over different geo-
graphical regions.

KEYWORDS Listeria monocytogenes, listeriosis, clinical, whole-genome sequencing,
Listeria, genotyping

L isteria monocytogenes is a Gram-positive bacterium that can cause disease in
humans (listeriosis), with symptoms ranging from mild self-limiting gastroenteritis

and fever in healthy individuals to severe sepsis, meningitis, and even death in immu-
nocompromised persons, pregnant women, and the elderly (1). In 2013, expert elicita-
tion was used to estimate the proportion of human cases of specific microbial diseases,
including listeriosis in New Zealand (NZ), as well as the proportion of the foodborne
burden that was due to the transmission by specific foods (2). Expert elicitation refers
to a systematic approach of obtaining and synthesizing subjective judgement from
experts on a subject where there is uncertainty as a result of insufficient data. For
listeriosis, it was estimated that 88% (95th percentile credible interval, 58% to 99%) of
listeriosis incidences in New Zealand were due to foodborne transmission, which was
comparable to that in other countries (2).

L. monocytogenes is ubiquitous in the environment, in animals, and in humans and
can contaminate all raw foods and ingredients (1). Foods of most concern for listeriosis
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are those in which L. monocytogenes can multiply. Ready-to-eat (RTE) foods present a
significant risk as these products do not undergo further listeriocidal treatment such as
cooking before consumption, and growth of L. monocytogenes can occur during refri-
gerated storage (3, 4). Consumption of contaminated foods such as unpasteurized milk
or cheese, contaminated pasteurized soft cheeses, contaminated vegetables, deli
meats and pâté, or shellfish have been major sources of infection internationally (1, 5).

In New Zealand, listeriosis has been a notifiable disease since 1983 and is a disease that
is often sporadic, with outbreaks rarely reported. The sources of contamination can be dif-
ficult to identify due to the variable and often long incubation periods (ranging from 1 to
70 days) and the condition of patients (typically severely ill), thus affecting the quality and
completeness of food histories (6, 7). All listeriosis cases are administered a standardized
questionnaire by public health authorities to identify key risk factors. Additional food expo-
sure information may also be obtained by local authorities. Common food exposures
between cases can prompt an extended questionnaire and multiagency investigation with
the New Zealand Food Safety, Ministry for Primary Industries (MPI), the regulator for the
New Zealand food industry. A guidance document on L. monocytogenes management for
food producers is available through MPI which includes the microbiological limits for L.
monocytogenes in food products, management of contamination, hazard analysis, shelf-life
information, and food safety documentation (8). There is currently no mandatory require-
ment for industry to perform molecular characterization of L. monocytogenes identified
within their factory environments.

In New Zealand, L. monocytogenes isolates from invasive listeriosis cases are sent to
the National Reference Laboratory at the Institute of Environmental Science and
Research (ESR) for typing. Since 2017, New Zealand has transitioned from typing L.
monocytogenes isolates using pulsed-field gel electrophoresis (PFGE) to using whole-
genome sequencing (WGS). Internationally, the implementation of WGS has resulted in
the identification of an increased number of clusters and outbreaks with fewer cases
and has enabled linking of human illness to specific foods or production environments
with greater confidence than ever before (6, 9).

In this work, the epidemiology of listeriosis in New Zealand over a 20-year period is
described along with a retrospective WGS analysis on 453 L. monocytogenes clinical iso-
lates in an effort to identify what is required to enable successful real-time surveillance
of listeriosis in New Zealand.

MATERIALS ANDMETHODS
Bacterial strains and growth conditions. All L. monocytogenes strains were recovered from 280°C

storage by streak plating onto Columbia blood agar (CBA) incubating the plates at 37°C for 24 to 48 h. A
single colony was inoculated into 10 ml tryptone soya broth and incubated at 37°C for 18 h prior to
DNA extraction. All L. monocytogenes isolates are listed in Data Set S1 in the supplemental material.

DNA extraction, library preparation, and genome sequencing. For each L. monocytogenes isolate,
1 ml of broth culture was used for DNA extraction using the Qiagen DNeasy blood and tissue kit
(Qiagen, Hilden, Germany) with modifications. Cell lysis using 20 mg/ml lysozyme was performed at
37°C for 2 h, and final elutions were performed in 50ml RNase-free water. DNA quality and concentration
were assessed using a NanoDrop (Thermo Fisher Scientific, Waltham, MA, USA), Qubit, and PicoGreen
(Quant-iT; Thermo Fisher Scientific). Sequencing libraries containing 1 ng of DNA were prepared using
Nextera XT chemistry (Illumina, San Diego, CA, USA) for 250 bp or 150-bp pair-end sequencing on an
Illumina MiSeq or NextSeq sequencer, respectively, according to the manufacturer’s recommendations
(Illumina).

Whole-genome sequencing analysis. Initial sequence quality and species identification were deter-
mined using the Nullarbor pipeline (10). Genome assemblies were performed using SPAdes within
BioNumerics version 7.6.3 (Applied Maths NV, Belgium). Assembly-based allele calls were performed
within BioNumerics using multilocus sequence typing (MLST) (7 loci [11]), core genome MLST (cgMLST)
(1,748 loci [12]), and whole-genome MLST (wgMLST) (4,797 loci; using the scheme within BioNumerics).
MLST profiles were classified into sequence types (STs) and grouped into clonal complexes (CCs) as pre-
viously described (11). cgMLST profiles were grouped into cgMLST types (CTs) and sublineages (SLs),
using the cutoffs of 7 and 150 allelic mismatches, respectively, as previously described (12). Profiles and
types were defined by using international nomenclature (12), available at BIGSdb-Lm (https://bigsdb
.pasteur.fr/listeria/). Whole-genome single-nucleotide polymorphism (SNP) analysis was performed
within BioNumerics using strict SNP filtering options. Separate SNP analyses were performed for selected
cgMLST types, where the isolate corresponding to the first clinical case of that cgMLST type was selected
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as the reference sequence for the group (13, 14). Cluster analyses were performed using cgMLST,
wgMLST, and/or SNP data (categorical data values) and the single-linkage algorithm.

Pulsed-field gel electrophoresis. A total of 371 isolates outlined in Data Set S1 were previously PFGE
typed using AscI and ApaI restriction enzymes as per standard protocols outlined by the Centers for
Disease Control and Prevention, Atlanta, GA, PulseNet and analyzed using procedures previously outlined
(15). The discriminatory power of cgMLST and PFGE was compared using Simpson’s index of diversity (16).

Epidemiological case information. ESR undertakes the surveillance of notifiable diseases in New
Zealand, including listeriosis, on behalf of the Ministry of Health. Data used in this study were obtained
from New Zealand’s national notifiable disease database (EpiSurv). The data used to generate Fig. 1 to 3
were extracted from EpiSurv on 25 August 2020. A confirmed case requires definitive laboratory evi-
dence (isolation of L. monocytogenes or detection of L. monocytogenes nucleic acid) in conjunction with
a clinically compatible illness (17). Cases were classified as pregnancy-associated if illness occurred in a
pregnant woman, fetus, or infant aged#28 days. Cases were followed up promptly by health protection
staff in local public health units upon notification, but protocols may have differed between public
health units.

Data availability. Raw sequence files for all isolates analyzed in this study are available on National
Centre for Biotechnology Information (NCBI) short read archive (SRA) with BioProject number PRJNA741099
(Data Set S1). A total of 20 isolates were sequenced as a part of the University of California, Davis, 100K
Pathogen Genome Project (18), with SRA accession numbers outlined in Data Set S1.

RESULTS
Epidemiology of human listeriosis in New Zealand 1999 to 2018. Between 1999

and 2018, the notification rate of listeriosis in New Zealand ranged between 0.4 and
0.8 per 100,000 population (Fig. 1). The majority of notified cases were non-pregnancy-
associated listeriosis (64 to 95%; average of 19 cases per annum) (Fig. 1 and 2). The
hospitalization status was available for 99% (377 of 382) of non-pregnancy-associated
cases, of which 96% (363 of 377; average of 18 cases per annum) were hospitalized
(Fig. 2). However, of those hospitalized cases, 43% (155 of 363; average of 8 cases per
annum) were hospitalized due to another illness. Since 2007, when data of deaths
attributed to listeriosis were recorded, 27 of 250 non-pregnancy-associated cases with
this information (11%; average of 2 cases per annum) were for patients that died due
to listeriosis. Approximately 50% of the total number of non-pregnancy-associated
cases (190 of 382) between 1999 and 2018 were for patients 70 years or older (Fig. 3).

The average number of notified pregnancy-associated listeriosis cases between
1999 and 2018 was five cases per annum (5% to 36% of the total number of cases per
annum) (Fig. 2). With the exception of one case where the hospitalization status was

FIG 1 Distribution of numbers of notified listeriosis cases and rates per 100,000 population between 1999 and 2018. Rate was calculated as
the number of cases per 100,000 population, based on the Statistics New Zealand mid-year population estimates.
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unknown, all pregnancy-associated cases were hospitalized. All pregnancy-associated
deaths were recorded as being attributed to listeriosis, where 43% (42 of 97; average
of 2 cases per annum) of cases resulted in death of the fetus and two of these cases
reported the death of the mother.

Molecular diversity of NZ clinical L. monocytogenes. Whole-genome sequencing
was performed on 453 laboratory-confirmed L. monocytogenes clinical cases in New
Zealand between 1999 and 2018, representing 95% of total notified cases. Quality control
statistics for all genomes used in the study are outlined in Data Set S1 in the supplemen-
tal material. This data set includes 15 isolates associated with three recognized national
listeriosis outbreaks and one suspected cluster of five pregnancy-associated cases in 2009
(5, 19, 20). Sixty-three percent of isolates (n = 286) belonged to phylogenetic lineage I,
while the remaining 35% (n = 157) and 2% (n = 10) belonged to phylogenetic lineages II
and III, respectively. Thirty-nine STs were identified among the NZ data set. The five most
frequent STs identified were ST1 (n = 99; 21.9%), ST4 (n = 60; 13.2%), ST2 (n = 51; 11.3%),
ST120 (n = 31; 6.1%), and ST155 (n = 29, 6.4%) (Fig. 4). ST1 has been observed every year
between 1999 and 2018, while ST2, ST4, ST120, and ST155 appeared for 17 to 19 years
between 1999 and 2018. ST324, ST224, and ST424 were observed from 2007, 2008, or
2012 onwards, respectively. At the level of core genome, 291 different cgMLST types
were identified. The majority of cgMLST types assigned (243 of 292 [83%]) contained a
single isolate, whereas 49 cgMLST types contained two or more isolates (Tables 1 and 2).
The most prevalent cgMLST types detected were L1-SL4-ST4-CT187 (n = 24; 5%), L2-SL8-
ST120-CT786 (n = 23; 5%), and L1-SL1-ST1-CT4574 (n = 10; 2%).

A comparison between cgMLST and PFGE typing (pulsotypes previously assigned are
outlined in Data Set S1) resulted in Simpson’s indices of 0.991 and 0.978, respectively. A
total of 152 pulsotypes were identified among the 371 isolates with PFGE typing data,
but 281 cgMLST types were identified among the same isolates. Only six pulsotypes
accounted for 30% of isolates (n = 111), but 63 cgMLST types were identified among

FIG 2 Total numbers of pregnancy- and non-pregnancy-associated cases (average per annum) in New Zealand between 1999 and 2018 as recorded in
EpiSurv. Numbers on the bars are the total numbers of pregnancy- or non-pregnancy-associated cases (and the average numbers of cases per annum) for
each outcome recorded. a, total of 377 non-pregnancy-associated cases (average 19 cases per annum) with hospitalization status recorded; b, deaths
occurring during a period after the reporting date may not be captured in EpiSurv. For pregnancy-associated deaths, one case each in 2004 and 2006 was
an adult, and all other deaths were fetal. c, data not available for pregnancy-associated cases; d, data not collected in EpiSurv prior to 2007, all pregnancy-
associated deaths were associated with the disease. For non-pregnancy-associated cases, 250 cases were recorded with this information, and the average
number of cases was calculated using values available for 14 years.
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these same isolates. Twenty pulsotypes accounted for 50% of the isolates (n = 188), but
109 cgMLST types were identified among the same isolates.

Retrospective genomic analysis of outbreak-related isolates. (i) Invasive listeri-
osis cases linked to a febrile listeriosis outbreak attributed to RTE meat, 2000. An

FIG 3 Distribution of numbers of notified listeriosis cases between 1999 and 2018 according to case age. Cases are classified as
pregnancy-associated if illness occurred in a pregnant woman, fetus, or infant aged #28 days.

FIG 4 Distribution of sequence types (STs) among L. monocytogenes isolates between 1999 and 2018. ST inferred using whole-
genome sequence and multilocus sequence typing.
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outbreak of 31 febrile noninvasive gastrointestinal listeriosis cases was attributed to
RTE corned meat product from a single manufacturer (20). During the outbreak, PFGE
typing using SmaI and ApaI was performed by an Australian laboratory, and all clinical
and RTE meat isolates associated with the outbreak were reported to have indistin-
guishable PFGE profiles.

Four invasive listeriosis cases in the same year were epidemiologically attributed to
consumption of an RTE corned meat product from the same manufacturer identified
for the febrile gastrointestinal listeriosis cases. Historical records indicate that the iso-
lates obtained from the invasive listeriosis cases were not PFGE typed by the Australian
laboratory at the time of the outbreak. In New Zealand, PFGE typing was implemented
in 2002 and performed retrospectively on an annual basis; therefore, it was unlikely to
have been used to inform epidemiological investigations of these invasive listeriosis
cases at the time of the outbreak. Retrospective PFGE typing performed in New
Zealand showed that three of the four isolates were of the same pulsotype (Asc0002:
Apa0002). Using retrospective WGS analysis, these same three isolates were also identi-
fied as the same cgMLST type, L2-SL8-ST120-CT786, and shared no cgMLST or wgMLST
allelic differences and 0 to 1 SNP differences (Fig. 5, cluster I), confirming their close
genetic relationship.

Retrospective WGS analysis showed that there were an additional four isolates asso-
ciated with invasive listeriosis cases from 1999 to 2000 that identified as L2-SL8-ST120-
CT786 and shared 0 to 1 core and whole-genome allele and SNP differences between
them (Fig. 5, cluster II). Cluster II isolates were not linked to the outbreak at the time
due to the limited epidemiological data, and no additional links were identified

TABLE 1 Core-genome multilocus sequence type groups containing two isolates

cgMLST typea Region(s)b Yr(s) Pulsotype(s)c

Maximum no. of
differencesd

cgMLST wgMLST
L1-SL2-ST2-CT4548 L, M 2012, 2013 Asc0023:Apa0031, NT 0 0
L2-SL321-ST321-CT5870 B, C 2001 Asc0051:Apa0032 0 0
L1-SL4-ST4-CT5903 F 2009 Asc0021:Apa0023 0 0
L1-SL1-ST1-CT5954 B, C 2005, 2005 Asc0058:Apa0005 0 0
L1-SL220-ST220-CT5993 F, I 2009 Asc0036:Apa0039 0 0
L1-SL1-ST1-CT3416 S 2010, 2011 Asc0045:Apa007 0 1
L1-SL4-ST4-CT4534 C, E 2011 Asc0021:Apa0023 0 2
L1-SL1-ST1-CT5963 S 2001 Asc0078:Apa0006 0 2
L1-SL1-ST1-CT5950 C, D 2007 Asc0045:Apa0152 1 1
L2-SL8-ST120-CT5874 Q 2001 Asc0002:Apa0002 1 2
L2-SL7-ST7-CT5986 B, D 2006, 2007 Asc0015:Apa0026 1 2
L1-SL2-ST2-CT3414 H 2012, 2013 Asc0023:Apa0031 1 4
L2-SL37-ST37-CT4583 D 2011, 2017 Asc0055a:Apa0057, NT 3 5
L2-SL155-ST155-CT2607 E, G 2003, 2004 Asc0126:Apa0041 3 11
L1-SL1-ST1-CT4552 B, D 2011, 2012 Asc0040:Apa0045, Asc0040:Apa, NT 4 6
L1-SL2-ST2-CT5917 C, F 2002 Asc0023:0031 5 8
L1-SL2-ST2-CT5936 C, J 2004, 2008 Asc0063:Apa0012, Asc0077:Apa0012 5 12
L1-SL220-ST220-CT4597 B, D 2000, 2011 Asc0036:Apa0039 5 13
L2-SL155-ST155-CT4611 E, F 2011 Asc0055a:Apa0057, Asc0044:Apa0045 7 9
L2-SL14-ST14-CT4622 E, G 2011, 2012 Asc0050:Apa0046, Asc0059:Apa0046a 7 11
L2-SL155-ST155-CT4608 O, Q 2015, 2016 Asc0037:Apa0044, NT 9 16
L1-SL2-ST2-CT5934 B, C 1999, 2009 Asc0023:Apa0071, Asc0082:Apa0129 9 23
L2-SL321-ST321-CT4591 B 2007, 2014 Asc00001:Apa0055 6 8
L2-SL14-ST14-CT6025 F, T 2004, 2010 Asc0038:Apa0046 6 10
L2-SL101-ST101-CT6007 D, NS 2000, 2001 Asc007:Apa0042, Asc0006:Apa0056 6 12
L2-SL204-ST204-CT638 B, R 2006, 2013 Asc0055:Apa0096, Asc0055:Apa0107 13 28
aThe lineage (L)-sublineage (SL)-multilocus sequence type (ST)-core genome multilocus sequence types (CTs) were inferred fromWGS data and defined by using
international nomenclature (13).

bRegions within New Zealand that have been anonymized. NS, no region stated for the case.
cPulsotype assigned as a part of the PulseNet New Zealand/Aotearoa database. NT, not tested.
dMaximum allele differences observed for isolates within a cgMLST type using cgMLST and whole-genome MLST.
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between the cases. Pulsotype Asc0002:Apa0002 identified for the cluster I outbreak
isolates was one of the most frequently observed pulsotypes in the PulseNet New
Zealand/Aotearoa database. Cluster II isolates were identified as one of two pulsotypes
different from those in the cluster I outbreak isolates, but these pulsotypes only

TABLE 2 Core-genome multilocus sequence type groups containing more than two isolates

cgMLST typea

No. (%) of
isolates
in CTb Region(s)c Yrs Pulstotyped

No. of allele differences
(maximum and minumum)e

cgMLST wgMLST SNP
L1-SL2-ST2-CT5919 3f (0.7) B, D, K 2000, 2004, 2005 Asc0030:Apa0025 0–2 7–10 9–10
L1-SL1-ST1-CT2373 3 (0.7) D, K, S 2007, 2010 Asc0058:Apa0005 0–2 0–2 0–2
L1-SL224-ST224-CT3426 7 (1.6) A, B, C, D, E, F, M 2012, 2013, 2014, 2015,

2016
Asc0060:Apa0124a,
Asc0021:Apa0023,
Asc0119:Apa0104, NT

0–2 0–4 0–5

L2-SL155-ST155-CT4612 8 (1.7) E, F, G, L, K, M, N, S 2000, 2003, 2004, 2006,
2007, 2013

Asc0037:Apa0044 0–4 0–12 0–16

L1-SL315-ST194-CT5908 5 (1.1) S 2008, 2009 Asc00018:Apa006 0–6 1–8 1–10
L2-SL8-ST120-CT786f 23 (5.1) A, B, C, D, F, K, L,

M, O, Q, R, S
1999, 2000, 2001, 2003,
2004, 2006, 2004,
2010, 2011, 2016,
2017, 2018

Asc0011:Apa0002,
Asc0069:Apa0002,
Asc0002:Apa0002,
Asc0028:Apa0002,
Asc0023:Apa0002

0–9 0–14 0–15

L1-SL1-ST1-CT4553 4 (0.9) D, T 2008, 2010, 2012, 2015 Asc0045:Apa0013 1–4 5–12 5–7
L1-SL1-ST1-CT4576 8 (1.7) C, D, K, Q 2003, 2005, 2009, 2011,

2014, 2016
Asc0003:Apa0063,
Asc0003:Apa0063a

1–7 2–15 2–19

L1-SL2-ST2-CT5935 5 (1.1) B, C, G, K, Q, S 1999, 2000, 2002, 2004,
2005, 2009

Asc0023:Apa0065,
Asc0023:Apa0071,
Asc0063:Apa0012

1–7 7–15 8–15

L1-SL4-ST4-CT5890 5 (1.1) A, B 2000, 2006, 2007 Asc0021a:Apa0023 1–8 3–20 2–21
L1-SL315-ST194-CT4541 6 (1.3) B, C, D, E 2001, 2002, 2003, 2006,

2012, 2016
Asc0072:Apa0028 2–7 2–15 2–15

L1-SL4-ST4-CT187 24 (5.3) A, B, C, D, E, J, K, L,
M, N, O, P, Q, S,
NS

1999, 2000, 2002, 2003,
2005, 2006

Asc00021:Apa0023,
Asc0021a:Apa0023,
Asc0037:Apa0044, NT

2–9 3–17 3–22

L2-SL321-ST321-CT691 6 (1.3) C, D, F, G, K, O 2005, 2008, 2010, 2011,
2018,

Asc0128:Apa0001,
Asc0031:Apa0001,
Asc0001:Apa0001,
Asc0074:Apa0001

3–7 8–17 8–16

L2-SL155-ST155-CT852 6 (1.3) B, D, K, F 2006, 2009, 2012, 2017 Asc0037:Apa0044, NT 3–10 4–29 6–80
L2-SL18-ST18-CT2990 3 (0.7) A, S 2003, 2014, 2018 Asc0047:Apa0117, NT 4–7 12–18 13–23
L1-SL1-ST1-CT4574 10 (2.2) B, C, D, L, M, Q 2008, 2009, 2013, 2014,

2015, 2018
Asc0088:Apa0126,
Asc0081:Apa0063,
Asc0068:Apa0064, NT

4–7 9–11 6–20

L2-SL9-ST9-CT4539 3 (0.7) L, S 2014, 2016, 2018 Asc0046:Apa0058, NT 5 11–15 11–14
L1-SL1-ST1-CT4562 3 (0.7) B, E, Q 1999, 2004, 2011 Asc0010:Apa0008 5 9–12 13–17
L1-SL1-ST1-CT2810 4 (0.9) B, C, L, N 1999, 2003, 2005, 2015, Asc0083:Apa0013,

Asc0067:Apa0021, NT
5–7 11–27 11–

103
L2-SL7-ST7-CT3420 3 (0.7) E 2005, 2012, 2015 Asc0043:Apa0026,

Asc0043a:Apa0026
5–7 13–19 16–24

L1-SL324-ST324-CT4618 5 (1.1) C, D, E 2008, 2011, 2012 2015 Asc0161:Apa0019,
Asc0161a, Apa0119,
Asc0161:Apa0132

6–11 12–21 12–27

L2-SL20-ST424-CT2456 3 (0.7) E, F 2012, 2016, 2018 Asc0094:Apa0104,
Asc0119:Apa0104, NT

9–11 27–36 ND

L2-SL14-ST14-CT956 10 (2.2) B, C, E, F, N, Q, R, 2002, 2005, 2007, 2010,
2011, 2014, 2015,
2017, 2018,

Asc0059:Apa0046a,
Asc0005:Apa0046a,
Asc0038:Apa0046

10–12 11–38 ND

aThe lineage (L)-sublineage (SL)-multilocus sequence type (ST)-core genome multilocus sequence types (CTs) were inferred fromWGS data and defined by using
international nomenclature (13).

bPercentage of isolates within the cgMLST type from total number of isolates in study (n = 453).
cRegions within New Zealand that have been anonymized. NS, no region stated for the case.
dPulsotype assigned as a part of the PulseNet Aotearoa/New Zealand database; NT, not tested.
eMinimum and maximum allele differences observed for isolates within a cgMLST type using cgMLST and whole-genome MLST; single-nucleotide polymorphism (SNP)
analysis was performed for cgMLST groups that had fewer than 7 core genome MLSTs.
fSingle case from CT5919 included in an outbreak that also involved three cases identified within L2-SL8-ST120-CT786.
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differed by a single restriction enzyme fragment for the AscI PFGE pattern (data not
shown).

A fourth invasive listeriosis case was previously included in this outbreak due to
consumption of a corned beef product. However, retrospective PFGE and cgMLST anal-
ysis identified this isolate as a different genotype (Apa0025:Asc0030) and cgMLST type
(L1-SL2-ST2-CT5919) compared to those of the other three epidemiologically linked
isolates, suggesting this case may not have had the same infection source. Two other
isolates from 2004 and 2005 were also identified as cgMLST type L1-SL2-ST2-CT5919
and differed from the 2000 isolate by 0 to 2 cgMLST and 7 to 10 wgMLST alleles and
SNPs (Fig. 6 and 7; Table 2). However, a retrospective analysis did not find any associa-
tions between the cases. The food and clinical isolates associated with the febrile liste-
riosis cases were no longer available for retrospective WGS analysis. Therefore, it was
not possible to genetically confirm the epidemiological link between the invasive cases
and the febrile outbreak cases.

(ii) Smoked fish multistrain outbreak, 2009. This outbreak involved two cases
(including one pregnancy-associated case) implicating smoked fish based on epidemio-
logical information. Retrospective PFGE typing of the isolates resulted in two different
pulsotypes: Asc0078:Apa0006, which was previously observed for six other clinical isolates
between 2001 and 2009, and Asc0030:Apa0023a, which was not previously observed
(Data Set S1). Retrospective WGS analysis of the two isolates identified two different
cgMLST types: L1-SL2-ST2-CT5914 and L1-SL1-ST1-CT5964, both of which were the sole
isolates of that cgMLST type in the data set (Data Set S1). These two isolates had

FIG 5 Dendrograms (single linkage) representing the genetic relationship between L. monocytogenes isolates identified as L2-SL8-ST120-CT786 by using
core genome multilocus sequence typing (cgMLST) (A), whole-genome MLST (wgMLST) (B), and single-nucleotide polymorphism (SNP) (C). Numbers on the
branches indicate the allele/SNP differences between isolates. Isolates indicated with I are confirmed outbreak isolates. Those isolates indicated with II had
low genetic diversity and occurred at approximately the same time as the outbreak isolates (I). a, regions within New Zealand have been anonymized; b,
pulsotype assigned as a part of the PulseNet Aotearoa/New Zealand database; NT, not tested; c, SNP analysis was performed using the first clinical case
(1999) for L2-SL8-ST120-CT786 as the reference. Red dotted lines represent cutoffs of 7 and 10 core and whole-genome allele differences, respectively (A
and B), as previously proposed (6, 13).
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significant core genome and whole-genome (1,119 and 1,682, respectively) differences
between them. L. monocytogenes was isolated from the food producer implicated at the
time of the outbreak, but PFGE typing results for these food isolates were not identified.
The food isolates were not retained and therefore not available for retrospective WGS
analysis.

(iii) Suspected pregnancy-associated cluster, 2009. A retrospective study describ-
ing the epidemiology of pregnancy-associated listeriosis in New Zealand identified a
cluster of five pregnancy-associated cases in early-to-mid-September 2009 (19).
Retrospective PFGE typing results showed four different pulsotypes (Data Set S1)
among the five isolates associated with the cases, but no epidemiological link between
cases was identified at the time. Retrospective cgMLST analysis of the five isolates iden-
tified four different cgMLST types, two of which (L1-SL1-ST1262-CT3418 [1 isolate] and
L1-SL4-ST4-CT5903 [2 isolates] were the sole isolates identified for their respective
cgMLST types (Data Set S1). The two isolates identified as L1-SL4-ST4-CT5903 shared
no core genome or whole-genome allelic differences (Table 1). The case investigation
findings noted that the cases were possibly linked, but no common food source was
identified (21).

One isolate within this pregnancy-associated cluster identified as cgMLST type L1-
SL220-ST220-CT5993 had no core genome or whole-genome allele differences com-
pared to the isolate from a non-pregnancy associated case that occurred 3 months
later in a different region in New Zealand (Table 1). These two isolates are the only two
isolates identified for this cgMLST type within the data set, and retrospective analysis
of the cases did not find any further associations between the cases.

The remaining isolate within this pregnancy-associated cluster was identified as
cgMLST type L1-SL1-ST1-CT4574. This cgMLST type was identified for nine other iso-
lates within the data set, including three other pregnancy-associated cases occurring

FIG 6 Minimum spanning tree based on core genome multilocus sequence typing of all L. monocytogenes within core genome multilocus sequence types
containing more than two isolates (excluding L2-SL8-ST120-CT786). Branch length scaling is logarithmic. The numbers of allele differences between isolates
are shown on the branches. The year and region code are displayed next to each isolate. NS is used where a region was not stated. Isolates within a gray-
shaded area share seven or less core genome allele differences between them, as previously proposed as a threshold (13). Isolates within a pie have zero
core differences, and isolates that share 1 to 2 allele differences are highlighted with a red branch. A red dotted line separates lineages I and II.
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in different years and regions of New Zealand (Fig. 8). This 2009 pregnancy-associated
isolate shared 5 to 10 core- and whole-genome allele and SNP differences with an iso-
late from a non-pregnancy associated case in 2018.

(iv) RTE meat outbreak, 2012. This outbreak involved four cases, including two
deaths, and was attributed to RTE meats supplied to a hospital from a single manufac-
turer (5). A retrospective study compared the PFGE typing and retrospective WGS anal-
ysis for this outbreak (5). All four isolates from cases were different cgMLST types (L1-
SL9-ST9-CT3406, L2-SL101-ST101-CT3423, L2-SL7-ST7-CT732, and L1-SL1-ST1-CT3417)
and were the sole isolates for each of their cgMLST types in the data set (Data Set S1).

Retrospective genomic analysis highlights previously unidentified clusters.
Table 1 outlines the 26 cgMLST types that contained only two isolates each. Eleven of
the 26 cgMLST types were observed to have isolates that shared very low levels of core
genome and whole-genome MLST (0 to 2) allele differences between them. While the
cases in seven of these cgMLST types were from different regions, they were geograph-
ically close.

Table 2 outlines the cgMLST types that contained more than two isolates and the
ranges of cgMLST, wgMLST, and SNP differences between isolates within each cgMLST
type. Cluster diagrams representing core genome and whole-genome MLST analysis
for all cgMLST types containing more than two isolates (except for L2-SL8-ST120-
CT786 [Fig. 5]) are also shown in Fig. 6 and 7, respectively. It was observed that within
12 of these cgMLST types, including L2-SL8-ST120-CT786, there were between 2 and 7
isolates that shared a very low level (0 to 2) of core genome allele differences between
them (Fig. 6). Seven of these cgMLST types, including L2-SL8-ST120-CT786 (Fig. 5),
were also observed to have very low levels (0 to 2) of whole-genome allelic differences
(Fig. 7). SNP analysis produced results similar to those of wgMLST, but eight cgMLST
types, including those outlined in Fig. 9 and L2-SL8-ST120-CT786 shown in Fig. 5 and

FIG 7 Minimum spanning tree based on whole-genome multilocus sequence typing of all L. monocytogenes within core genome multilocus sequence
types containing more than two isolates (excluding L2-SL8-ST120-CT786). Branch length scaling is logarithmic. The numbers of allele differences between
isolates are shown on the branches. The year and region code are displayed next to each isolate. NS is used where a region was not stated. Isolates within
a gray-shaded area share 10 or less whole-genome allele differences between them, as previously proposed as a threshold (6). Isolates within a pie have
zero core differences, and isolates that share 1 to 2 allele differences are highlighted with a red branch. A red dotted line separates lineages I and II.
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L1-SL1-ST1-CT2373 (Table 2), were observed to have isolates with very low-level (0 to
2) SNP differences between them.

With the exception of isolates within L1-SL4-ST4-CT5903 and L2-SL8-ST120-CT786
(associated with the suspected pregnancy cluster or febrile listeriosis outbreak described
above), retrospective analysis of the epidemiological information for the remaining cases
was limited, and no sources or additional links between cases was identified.

DISCUSSION

Listeriosis is rare in New Zealand, with an average of 0.5 cases per 100,000 popula-
tion between 1998 and 2018. This incidence is, however, higher than those recently
reported for the United States, Canada, Australia, and the European Union and
European Economic Area (EU/EEA) (0.23 to 0.42 cases per 100,000 population) (22–25).
The NZ listeriosis rate has remained relatively stable during 1998 to 2018, with no clear
trends in the incidence of disease (1997 to 2016) previously reported for pregnancy-
associated cases in New Zealand (19). In New Zealand, the majority (64% to 95%) of lis-
teriosis cases between 1999 and 2018 were non-pregnancy associated, and as
observed in other countries, listeriosis is the cause of a large proportion of severe cases
and deaths in susceptible populations such as the elderly and immunocompromised
persons (26). The detection of cases with L. monocytogenes infection in New Zealand is
biased toward detecting cases of invasive listeriosis, as fecal testing for Listeria spp. is
not normally performed by laboratories (27). As a result, febrile gastroenteritis may be
contributing to a portion of the undiagnosed sporadic gastroenteritis disease reported
each year and is more likely to be detected if it is a part of an outbreak (20). Including
Listeria species testing of fecal samples from gastrointestinal cases and surveillance
may potentially highlight linkages between noninvasive and invasive listeriosis cases
in New Zealand. In turn, this may provide greater opportunities to identify food and
environmental sources of L. monocytogenes more quickly and improve the overall pub-
lic heath burden of listeriosis in New Zealand.

Retrospective whole-genome sequence analysis demonstrated that more than 50%
of NZ clinical isolates belonged to internationally spread MLST sequence types (ST1,
ST4, ST2, and ST155) (28–33). Further discrimination between isolates within a ST was

FIG 8 Dendrograms (single linkage) representing the genetic relationship between L. monocytogenes isolates identified as L1-SL1-ST1-CT4574 using core
genome multilocus sequence typing (cgMLST) (A), whole-genome MLST (wgMLST) (B), and single-nucleotide polymorphism (SNP) (C). Number on the
branches indicate the allele/SNP differences between isolates. a, regions within New Zealand have been anonymized; b, pulsotype assigned as a part of the
PulseNet New Zealand/Aotearoa database; NT, not tested; c, SNP analysis was performed using the first clinical case (2007) for L1-SL1-ST1-CT4574 as the
reference. Red dotted lines represent cutoffs of 7 and 10 core- and whole-genome allele differences, respectively (A and B), as previously proposed as
thresholds (6, 13). *, isolate corresponding to case within the suspected pregnancy-associated cluster, 2009.
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achieved using cgMLST, with similar relationships also observed using wgMLST and/or
SNP analysis within cgMLST types, supporting the use of multiple WGS analytical meth-
ods for closely related isolates (6, 31). The use of cgMLST demonstrated that the major-
ity of the L. monocytogenes types associated with clinical cases between 1998 and
2018 were the sole isolate identified for a cgMLST type, confirming that listeriosis cases
are mostly sporadic, which is also observed internationally (19, 34).

A cutoff of #7 core genome alleles, as proposed by Moura et al. (12), appears to be
useful for identifying potential clusters of isolates in New Zealand, with prioritization of
effort thereafter based on decreasing allelic differences. In the present study, 18
cgMLST types contained isolates (50 isolates in total, including three outbreak-associ-
ated isolates) that shared low genetic diversity (0 to 2 whole-genome allele differen-
ces), suggesting a possible common source between cases. SNP analysis also produced
results comparable to those of wgMLST. Other outbreak investigations using the same
cgMLST scheme have also reported that clinical isolates were highly related to nonclin-
ical isolates with four allele and ,10 SNP differences (35, 36). This observation was
consistent with the 2012 RTE meat outbreak in New Zealand, where clinical and food
isolates had 0 to 1 core genome allele and SNP differences between them, and in con-
cordance with epidemiological data (5). However, the lack of epidemiological data on
food consumption of cases not already accounted for in a recognized outbreak
impaired retrospective epidemiological investigations. It is plausible that the cgMLST
types with low genetic diversity (0 to 2 whole-genome alleles/SNPs) represent small
monoclonal outbreaks that have remained undetected, even over a number of years.

For many pathogens associated with foodborne outbreaks, low genetic diversity
may denote a recent transmission or a common source. However, several studies have
reported that the genetic diversity of L. monocytogenesmay exceed currently proposed
thresholds, in particular, in the long-term outbreaks and cases in which contamination

FIG 9 Dendrograms (single linkage) representing the genetic relationship between L. monocytogenes isolates identified as cgMLST types L1-SL224-ST224-
CT3426 (A), L1-SL315-ST194-CT4541 (B), L1-SL1-ST1-CT4576 (C), L2-SL155-ST155-CT4612 (D), L1-SL4-ST1624-CT5890 (E), and L1-SL315-ST194-CT5908 (F) using
single-nucleotide polymorphism (SNP) analysis. Numbers on the branches indicate the SNP differences between isolates. These cgMLST types had more
than two isolates and were observed to have isolates that shared very low levels (0 to 2) of SNP differences between them. a, regions within New Zealand
have been anonymized; *, first clinical case for the cgMLST type, which was used as reference for the remaining isolates in the cgMLST type.
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may originate from different sources and/or sources with a genetically diverse popula-
tion (37–41). This observation was also observed during the 2012 RTE outbreak in New
Zealand, where isolates from RTE products implicated during the outbreak resulted in
nine core genome MLST differences and between 10 and 96 SNP differences from
those in clinical cases (5). This highlights that epidemiological concordance (i.e., food
consumption data) remains the key factor in outbreak investigation. This is especially
important for multigenotype outbreaks, for which genotyping can provide support or
confirmation alongside food testing (6, 42).

The assignment of cgMLST types was performed using the BIGSdb-Lm database
(12), which incorporates a number of international isolates. It was observed in the pres-
ent study that there were isolates assigned a cgMLST type that exceeded the seven-al-
lele threshold. This is due to the presence of intermediary isolates in the database that
share fewer than seven allele differences with isolates within this current data set. For
example, L1-SL1-ST1-CT4574 (Fig. 8) has two isolates with nine core allele differences
with the other clinical isolates in the database but was previously identified in clinical
isolates from the United States (data not shown). Inclusion of international isolates
sharing the same cgMLST type may provide greater context and contribute to identify-
ing potential imported food sources.

Indeed, there is increasing evidence that linking patient information with genotyp-
ing data from food and/or food processing environments can facilitate rapid hypothe-
sis generation through case-case comparison of outbreak-related and sporadic cases
(43). In the United States, a multiagency collaboration undertakes real-time WGS on all
L. monocytogenes isolates from clinical cases, food, and the environment, including
from food manufacturing. Combining epidemiological and product trace-back data
with WGS data has resulted in the detection of more listeriosis clusters and has solved
more outbreaks (6). Integrated WGS surveillance systems also exist within Europe and
have been advantageous in identifying cross-border listeriosis outbreaks (35, 44–46). A
similar approach of introducing a comprehensive WGS-based typing of food and
human isolates in real-time in New Zealand could expedite the identification of food
sources and assist officials in undertaking regulatory actions early to prevent further
illnesses.

The inclusion of the current WGS data of historical strains will provide a valuable
resource that can assist with the identification of prospective outbreaks that may have
been undetected for some time (13). As an example, in the present study, L2-SL8-ST120-
CT786, containing outbreak-associated isolates, appeared to have additional isolates
(with low genetic diversity) that span across 20 years and different geographical regions
in New Zealand. PFGE, the typing tool of choice prior to WGS, showed five different AscI
pulsotypes for this cgMLST group, one of which was among the most common pulso-
types (Asc0002:Apa0002) observed in New Zealand. This pulsotype was also observed to
include seven other cgMLST types. Misleading variability in pulsotype and insufficient
true discrimination using PFGE were also observed for other common pulsotypes and
undoubtedly impeded previous linking of cases. Studies using WGS analysis have
observed that these AscI PFGE differences are due to the loss or gain of prophages over
time (33). As demonstrated internationally, the unprecedented discriminatory power of
WGS analysis, together with thorough exposure information from cases will be able to
better link cases in future outbreaks more rapidly and possibly those that have been
undetected for some time over different geographical regions (35, 38, 44–46).

In conclusion, listeriosis rates have remained relatively stable in New Zealand
between 1999 and 2018, and retrospective WGS analysis supports the observation that
the majority of listeriosis cases in New Zealand are sporadic. WGS analysis indicating a
close genetic relationship between many groups of isolates within cgMLST types sug-
gests potential common sources or outbreaks. However, it was not possible to confirm
these sources retrospectively due to incomplete epidemiological data. Currently in
New Zealand, WGS analysis of key pathogens, including L. monocytogenes, occurs rou-
tinely when isolates from invasive listeriosis cases arise and predominately supports
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outbreak investigations. Improvements in the real-time integration of genomic and ep-
idemiological information is ongoing for timely detection of outbreaks. The inclusion
of L. monocytogenes isolates from food sources obtained from regulatory testing is al-
ready shown to be advantageous in outbreak situations in New Zealand (5), but more
routine testing and the development of a system that can integrate these data to-
gether with epidemiological information are required to improve the overall surveil-
lance practice in New Zealand.
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